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ABSTRACT Cysteine residues introduced by site-directed mutagenesis have been used to probe the conformation and dynamics of
two receptors in the E. coli chemotaxis pathway.
(a) Thermal motions of the polypeptide backbone were investigated in the periplasmic o-galactose and o-glucose receptor, a
globular protein of known structure. Disulfide bond formation between pairs of engineered sulfhydryls were used to trap collisions
during the relative motions of surface a-helices I and X. Motions with amplitudes ranging from 4.5 to 15.2 Awere detected on
timescales ranging from 10-4 to 10-1 s, respectively. These results suggest that thermal backbone motions may have larger
amplitudes than previously thought.
(b) Conformational features of the transmembrane aspartate transducer have been investigated. Engineered sulfhydryls were
used to ascertain the location and orientations of two putative transmembrane a-helices in the primary structure, to investigate the
packing of these helices, to determine the oligomer and surface structures, and to detect thermal and ligand-induced dynamics of
the polypeptide backbone. A model for the folded conformation of the transducer oligomer is reviewed.
INTRODUCTION
The incorporation of cysteine into proteins by site-
directed mutagenesis enables the rich chemistry of the
sulfhydryl group, including disulfide bond formation,
alkylation, and kinetically stable coordination of metals,
to be targeted to specific locations of interest in a chosen
structure. A variety of applications have already been
described: engineered disulfide bonds have been used to
stabilize protein structure and to regulate protein activ-
ity (1,2, reviewed in 3), whereas engineered single
sulfhydryls have provided chemical and spectroscopic
labeling sites in studies of protein structure and function
(4-7). Here we review two studies that have probed
representative receptors drawn from the E. coli
chemosensory pathway (8-11). These studies reveal a
number of key dynamic and structural features of two
different receptor classes as well as illustrate the versatil-
ity of the engineered sulfhydryl approach.
The first investigation presents a novel use of engi-
neered sulfhydryls to trap motions of the polypeptide
backbone in an aqueous receptor of known structure:
the periplasmic o-galactose and o-glucose receptor. The
approach uncovers a class of long range thermal motions
inaccessible to other detection methods, which may be
general features of conformationally dynamic proteins
such as receptors, or proteins in general (11).
The second study employs engineered sulfhydryls to
probe a membrane-spanning receptor of unknown struc-
Address correspondence to Dr. Joseph J. Falke.
ture, namely the aspartate transducer. The goal has
been to ascertain the transmembrane and oligomeric
structure of the receptor, as well as other crucial
features of the folded conformation. The results enable
the formulation of specific structural predictions, as
outlined in the original published accounts (8-10) and
reviewed here. It will soon be possible to test these
predictions, because the x-ray crystal structure of the
ligand binding domain of the aspartate transducer has
recently been solved by Kim, Koshland, and co-workers
(12). At the upcoming Biophysical Discussion we will
evaluate the original predictions in light of the new
structure.
RESULTS AND DISCUSSION
Thermal motions of surface a-helices
in a globular receptor of known
structure: the D-galactose and
D-glucose receptor
Thermal motions of the polypeptide backbone are
generally required for protein conformational changes
and enzyme function, and are universal features of
protein dynamics (reviewed in 13, 14). Such motions are
likely to be particularly prevalent in conformationally
active structures, including receptor proteins. The present
review focuses on a specific example, namely the mo-
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FIGURE I (A) a-Carbon backbone structure of the o-galactose and
o-glucose receptor (21). Helices I and X are highlighted (ribbon), as
are the positions of the engineered cysteines (spheres). Also shown are
bound o-glucose (center) and Ca'+ ion (cross). (B) Expanded stereo-
scopic view of helices I and X. Collision spheres (radius 2.3 A) are
centered on the ~-carbon of each engineered cysteine; intersection of
two such spheres is a necessary but not sufficient condition for
disulfide bond formation (see text for angular requirements).
tions of a-helices located on the surface of a globular
receptor.
Computational studies have provided a window into
the thermal motions of representative globular proteins
on short timescales (13,14). A molecular dynamics
simulation of myoglobin suggested that surface helices
undergo rigid-body thermal motions, exhibiting transla-
tional ranges as large as 5 Aand rotational ranges up to
21°, even on the subnanosecond timescale (15). Other
simulations have yielded similar results (16, 17). On
longer timescales these ranges may expand but have not
yet been characterized.
The engineered sulfhydryl approach holds significant
promise as a tool for the analysis of long-range backbone
motions, including those of surface helices. The ap-
proach is direct: if a thermal motion produces a collision
between two engineered sulfhydryls, that motion can be
covalently trapped by disulfide bond formation (8). It
follows that the rate of disulfide formation contains
information on the collision rate. If the approach is
carried out in a protein of known structure, information
regarding the spatial amplitude of the motion is also
obtained (11).
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o-galactose and o-glucose receptor
The periplasmic receptor for o-galactose and o-glucose
is a water-soluble monomeric protein of molecular
weight 32 kD which functions to sequester a sugar
molecule, then activate one of two transmembrane
proteins: either a chemosensory transducer or a sugar
transporter (18, 19). An analogous function has been
proposed for the odorant binding proteins in vertebrate
olfactory systems (20). The structure of the o-galactose
and o-glucose receptor, which belongs to a homologous
class of periplasmic binding proteins, has been deter-
mined to 1.9 Aresolution by Quiocho and co-workers,
revealing a sugar binding cleft bordered by two distinct
a/~ domains (21). Each domain is composed of a
parallel ~-sheet sandwiched between two layers of
a-helices. The protein also possesses an EF-handlike
Ca2+ binding site in the COOH-terminal domain, which
is occupied by Ca2+ ion in the crystal structure. The
present discussion focuses on helices I and X (residues
17-30 and 254-274, respectively), which are adjacent on
the surface of the NH2-terminal domain, as illustrated in
Fig.1A.
Choice of positions for
engineered sulfhydryls
To probe the relative thermal motions of helices I and X,
five engineered receptors were constructed, each contain-
ing a pair of unique cysteines introduced by oligonucle-
otide-directed mutagenesis (11,22) (the native se-
quence contains no cysteines). The cysteines were placed
at unconserved surface positions so as to minimize the
effects of substitution on receptor structure and dynam-
ics, as well as to maximize accessibility to oxidation
reagents. Each pair included one cysteine at position 26
on helix I, and a second cysteine on adjacent helix X
(position 260, 263, 267, or 274), or on the opposite side
of the protein (position 182) (Fig. 1B). Extensive
studies of engineered receptors revealed no major struc-
tural perturbations due to these substitutions (11).
Specifically, the following receptor parameters were
altered by .:::;; 20%: the Ko for o-galactose binding, the kotr
for Tb3+ dissociation from the Ca2+ binding site, and the
dG~20 for protein unfolding. The failure of these substi-
tutions to cause major changes in receptor properties is
consistent with the generally negligible effects of surface
substitution (23). Even surface salt bridges often do not
make detectable contributions to protein stability (24).
The largest perturbations ( - 20%) are observed for the
D267C substitution, which is the most buried of the
engineered positions (11). However, no correlations are
observed between these minor perturbations and disul-
fide bond formation (below).
Calculating the minimum motion required for
disulfide formation
The five pairs of engineered sulfhydryls are expected to
form disulfide bonds at different rates, largely due to the
unique motion required by each pair to generate a
productive collision. It is straightforward to calculate the
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FIGURE 2 Geometric parameters for two cysteines forming a disul-
fide bond. It is convenient to define a pseudobond between the
l3-carbons of cys, and CYSj (upper). The resulting pseudobond length rr;,
pseudodihedral angle x~, and pseudobond angles a'j and aj, determine
whether the two cysteines have a relative geometry suitable for
disulfide bond formation. If the cysteines are engineered into a protein
of known structure, these parameters can be directly measured from
the backbone coordinates.
amplitude of the minimum productive motion, which is
defined as the sum of the minimum translational and
rotational events needed to bring the sulfhydryls within
the acceptable range of disulfide bond geometries. Fig. 2
illustrates the relevant geometric parameters, all of
which can generally be measured in the known structure
of the wild type protein: the distance between the
13-carbons of the two engineered positions (rO; the
dihedral angle about a pseudobond drawn between the
13-carbons (X~); and the pseudo-bond angles qCfq (6ij)
and qqq (6jJ between the pseudo-bond and the q-q or q - q bond, respectively. To achieve disulfide
formation, these parameters must satisfy the following
conditions (25, also Careaga and Falke, unpublished
data):
3.4 A < r~ < 4.6 A
(allowed distances between l3-carbons) (1 )
60° < O'j' OJ, < 180°, 0° < IOij - OJ, I < 105°
(allowed pseudobond angles) (2)
-80° < X~ < -60°, 60° < X~ < 80°
(forbidden pseudodihedral angles). (3)
Table 1 summarizes the initial parameters measured for
each cysteine pair in the crystal structure of the wild type
receptor, and the minimum motions required to bring
each parameter into the acceptable range.
Comparing the four pairs on the target helices, the cys
26, 263 pair requires the smallest motion (4.5 Atransla-
tion, no rotation), whereas the cys 26, 274 pair needs
both the largest translation and a small rotation (15.2 A
translation, 10° opening of angle G6Q6Q74)' Fig. 1B
illustrates an approximate collision surface for each
cysteine, comprising a sphere of radius 2.3 Acentered
on the 13-carbon. For a disulfide bond to form between
cys 26 and another position, a motion producing an
intersection of the two collision spheres must occur,
while at the same time satisfying the angular constraints
of Eqs. 2 and 3.
Chemistry of the disulfide reaction
The timescale of the thermal motion of interest can be
probed by measuring the kinetics of disulfide bond
formation. The rate constant for disulfide formation
(ks.s ) is related to the collision rate constant (kc ) as
follows:
(4)
where the efficiency factor (J' ranges from zero to unity,
the latter achieved when every collision produces a
disulfide bond. The efficiency factor is controlled prima-
TABLE I Structural and kinetic parametera of engineered sulfhydryl palra In the OiIalactose and o-glucose receptor
ObselVed parameters·
Pair rr; xr; a;; a~ 1a;j-6;; 1 ks-s k *c
A deg deg deg deg S-I S-I
26,263 9.1 (-4.5)· -40 102 88 14 210 ± 20 xlO- J _10'
26,260 12.9 (-8.3) -42 121 25 (+35) 96 13 ± 2 -10'
26,267 13.2 (-8.6) -20 79 74 4 0.56 ± 0.08 -1Q2
26,274 19.8 (-15.2) -54 50 (+10) 114 64 0.19 ± 0.06 -10
26,182 27.8 ( - 23.2) 143 99 73 25 0 0
·ObselVed parameters falling outside the ranges compatible with protein disulfide bonds are indicated by an accompanying value in parentheses,
specifying the minimum change required for disulfide formation. Parameter ranges are given by Eqs. 1-3 in text; geometric parameters are defined
in Fig. 2; *the rate constant for sulfhydryl-sulfhydryl collision is calculated for the disulfide rate constant using k•.• = CT' k" where CT -1 x 10-'.
Reactions were at 37°C and included 100 ~M CaH , and 1 mM D-glucose (11).
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263), whereas no disulfide formation is observed for the
control pair on opposite sides of the molecule (cys 26,
182) (Table 1), unless the molecule is first unfolded with
urea (11). This observation provides strong evidence
that the liganded receptor does not globally unfold at a
detectable rate. It is striking that pairs which are farther
apart form disulfide bonds at slower rates, such that the
disulfide formation rate decreases monotonically as the
separation increases.
Overall, the simplest model consistent with the data
proposes that local, relative motions of helices I and X
give rise to the observed collisions (11). The disulfide
formation rates are most strongly correlated with the
spatial separation of the cysteines, as illustrated in
Fig. 3. In contrast, the rates are not strongly correlated
to the angular orientations of cysteine pairs (Table 1),
nor to chemical reactivities of the individual cysteines as
measured by iodoacetamide reaction rates (11). The
strong relationship between distance and disulfide forma-
tion suggests that translational motions of the helices are
rate limiting in productive collisions.
The deduced timescales of the observed collisions are
in the j.Ls-ms range (11). The shortest motion (4.5 A)
yields kc - 104 collisions molecule-Is-I, while the longest
observed motion (15.2 A) yields kc - 10 collisions
molecule-Is-I (Table 1). Although the latter collision is
1(f-fold slower, it still falls within the range of timescales
observed for protein conformational changes, suggesting
that motions of this amplitude could play biologically
important roles in this and other proteins. When sugar is
removed from the receptor, the amplitudes and frequen-
cies of the observed motions increase substantially,
indicating that ligand binding favors a subset of the
available conformations (11).
In summary, engineered sulfhydryls can be used to
map out the locations, amplitudes and timescales of
FIGURE 3 The disulfide formation rates of cysteine pairs on helices I
and X of the D-galactose and D-glucose receptor, plotted against the
minimum translational amplitude required for disulfide formation
(Table 1). The indicated curve is the simplest interpolation. Rates
were measured at 3rC for the liganded receptor (11).
rily by the local environment, specifically: (a) steric
constraints, which control the accessibility of the site to
the oxidation agent and place limits on the geometry of
collisions, and (b) electrostatic and other environmental
features that influence the protonation of the sulfhy-
dryls, the lifetime of the radical intermediates, and the
activation energy of the reaction. For cysteines on the
surface of a protein it is reasonable to assume that the
efficiency factor will be a constant, to a first approxima-
tion, for different cysteine pairs. An estimate of this
value is provided by the bimolecular reaction of free
cysteine in solution, where the collision rate can be
accurately calculated and the environmental parameters
are optimal. For the relevant reaction conditions the
upper limit is (J' _10-5 (11). Thus, only a small fraction of
collisions are successfully trapped by disulfide forma-
tion.
The disulfide formation reaction is carried out by
oxidation using ambient dissolved oxygen, of concentra-
tion 200 j.LM, as the oxidizing agent. Disulfide formation
proceeds slowly until triggered by the addition of the
redox catalyst Cu(II) . (1, lO-phenanthroline)3' The
resulting chemistry has been proposed to begin with an
incompletely characterized reaction between the cata-
lyst and oxygen to generate a diffusible oxyradical, either
hydroxy radical or superoxide anion. The radical then
diffuses into the vicinity of a cysteine sulfanion (R - S-)
and abstracts an electron to yield a sulfur radical
(R - S'), which can form a disulfide if a productive
collision with another sulfhydryl occurs during the radi-
cal lifetime (26). For studies of protein dynamics, this
oxidative reaction scheme is preferred over the disulfide
exchange reaction because the latter reaction requires
modification of one sulfhydryl in each pair to give a
bulky covalent intermediate, potentially perturbing the
local structure. It should be noted that the oxidative
reaction generates both disulfide bonds and higher
oxidation products, known to include the oxyacids
R - S02- and R - S03- (26). Thus, when using the
oxidative reaction, it is necessary to separate the disul-
fide and higher oxidation components of the reaction
timecourse: the resulting disulfide formation rate con-
stants are presented in Table 1. All rates were measured
at 37°C in the presence of Ca2+ and o-glucose; electro-
phoretic techniques were used to resolve and quantitate
the reaction products (11).
Implications for motions of surface a-helices
The observed kinetics of disulfide bond formation reveal
dramatic thermal motions of helices I and X (11). Table
1 summarizes the relative rate constants for disulfide
formation, as well as the deduced minimum collision
rates for each pair of engineered sulfhydryls. As ex-
pected, the closest pair exhibits the largest rate (cys 26,
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Transmembrane structure
Chemical modification of engineered sulfhydryls, using a
membrane-impermeant sulfhydryl reagent, was carried
out to ascertain the locations of the membrane-spanning
segments in the primary structure of the transducer. The
novel reagent developed for this purpose, N-(6-phospho-
FIGURE 4 (A) Positions of engineered cysteines in the primary
structure of the aspartate transducer (8). Putative transmembrane
helices are indicated by TMI and TM2. (B) Schematic model for the
conformation of the transducer deduced from disulfide formation and
chemical labeling studies of the indicated engineered sulfhydryl
positions (10). The model predicts that the transducer is a dimer and
that each monomer possesses two transmembrane helices of the
indicated orientation and packing.
128 C2 128'
v v
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Choice of positions for
sulfhydryl engineering
The predicted transmembrane helices in the transmem-
brane signaling domain were of particular interest due
to their central importance in receptor function; thus,
the majority of engineered sulfhydryls were targeted to
these regions of the primary structure, specifically to the
membrane-aqueous interfaces of each helix. To maxi-
mize the probability of surface substitution with reten-
tion of receptor activity, all the chosen sites were located
at positions unconserved in five known transducer pri-
mary structures, nearby one or more charged residues
(8, 10). Six engineered receptors were generated by
oligonucleotide-directed mutagenesis, each containing a
single cysteine at one of the positions indicated in
Fig.4A (cys 3, 36, 106, 128, 183, or 215; the native
primary structure contains no cysteines). A seventh
engineered sulfhydryl at position 517 near the COOH-
terminus of the cytoplasmic domain was observed to be
rapidly converted to higher oxidation products and will
not be discussed here. All of the engineered receptors
were stable, active proteins as determined by aspartate
binding, methylation of cytoplasmic regulatory sites, and
chemosensing in vivo (10).
Aspartate transducer
The cytoplasmic membrane ofE. coli and other prokary-
otes contains a class of transmembrane sensory transduc~
ers activated by the binding of small molecule or protein
ligands (reviewed in references 27-29). These transduc-
ers have been proposed to be structurally and mechanis-
tically related to the eukaryotic class of receptors acti-
vated by growth factors, including insulin, EGF, and
others (30). The aspartate transducer is a typical mem-
ber of the prokaryotic class; its primary structure con-
tains two 24 amino acid stretches of predominantly
nonpolar character predicted to comprise transmem-
brane a-helices (31): TMI (residues 7-30) and TM2
(residues 189-212), schematically illustrated in Fig. 4A.
When the engineered sulfhydryl studies began, the
predicted transmembrane structure had not been tested
by direct structural approaches, although it had been
determined that the NH2-terminal residues 1-212 formed
the transmembrane signaling domain, whereas the
COOH-terminal residues 213-551 comprised the cyto-
plasmic signaling domain (32).
backbone motions in proteins. It is not yet clear whether
the observed surface helix motions are representative
features of protein structure, or rather a specialized
attribute of a conformationally active receptor protein.
Studies of a wide variety of proteins from different
structural and functional classes are needed to address
such questions.
Structural characterization
of a transmembrane receptor
of unknown structure: the
aspartate transducer
In proteins of unknown conformation, engineered sulfhy-
dryls are useful as probes of key structural features. Two
advantages of such a chemical approach are the ability
to carry out the measurements in the native environ-
ment, and the accessibility of proteins which have
proven intractable to high resolution structural tech-
niques. Transmembrane proteins, as a class, may pro-
vide the richest source of applications for this approach,
due to both the importance of studies in the native
bilayer, and the difficulty of full structure determination.
Structural features which can be probed by sulfhydryl
chemistry include transmembrane structure, oligomeric
structure, proximities between specific elements such as
transmembrane helices, and surface structure. Each of
these applications is illustrated by a review of engi-
neered sulfhydryl studies carried out for a transmem-
brane receptor before the availability of high resolution
structural information (8-10).
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(5)
nyl-n-hexyl)-maleimide (PHM), possesses a dianionic
phosphonyl group to convey membrane impermeance,
bridged by a six-carbon spacer to a sulfhydryl-specific
maleimide moiety (10). The spacer enables the maleim-
ide to reach into a buried site in the interior of a protein
even if the dianion is excluded.
To probe transmembrane structure, the accessibility
to PHM of each engineered sulfhydryl was measured in
two systems: the native E. coli cell and the isolated, leaky
cytoplasmic membrane. The PHM accessibility ratio
(Table 2) for the two systems was found to approach
unity for cys 36, 106, 128, and 183, whereas cys 3 and 215
exhibited accessibilities ~ 7-fold higher in the leaky
system (10). It followed that the former cysteines are
located in the perplasmic compartment, whereas the
latter two, cys 3 and 215, are in the cytoplasm. This
information identified the transmembrane segments and
their location in the primary structure; moreover, the
results revealed the transmembrane orientation of the
segments. It was concluded that TMI lies between
residues 3 and 36, whereas TM2 lies between residues
183 and 215, such that the periplasmic ends are near cys
36 and 183, and the cytoplasmic ends are near cys 3 and
215 (10).
Oligomeric structure
Disulfide formation between the different monomers in
the oligomer proved useful in the unambiguous determi-
nation of oligomeric structure (9). The approach re-
quired a mixture of two types of transducer: a cysteine-
containing engineered protein (cys 36) and the
cysteineless wild type molecule. In the absence of ligand,
monomers are observed to freely exchange between
TABLE 2 Reaction parameters of engineered sulfhydryls In
the transmembrane aapartete transducer
Cysteine
Observed parameters"
Position Relative kPHM kNEM ks-s kc
leaky /intacf M-1s- 1 S-I S-I'
3 7.6 25 ± 6 4±2 x 10-3 >10>
36 1.0 0.22 ± 0.01 8±3 >10'
106 1.6 32 ± 1 0.4 ± 0.1 >10
128 0.8 33 ± 6 6±2 > 103
183 1.2 2.3 ± 0.6 0.5 ± 0.2 > 10
215 12.0 15 ± 3 0.3 ± 0.1 >10
"Rate constants for the following reactions (10): N-(6-phosphonyl-n-
hexyl)-maleimide (PHM), N-ethyl maleimide (NEM), intra-dimer
disulfide formation (S-S), sulfhydryl-sulfhydryl collision (C). IRatio of
PHM modification rates in leaky isolated membranes and intact cells
(10). Error is ±30%. 'The rate constant for sulfhydryl-sulfhydryl
collision is calculated from the disulfide rate constant, as described in
Table 1. Reactions were at 37°C (8, 10).
oligomers, creating a binomial distribution of heterooli-
gomers characteristic of the oligomer size:
p2 + 2pq + q2 (dimer)
p3 + 3p 2q + 3pq 2+ q3 (trimer),
and so on, where p and q are the fractional populations
of monomers lacking and containing cysteine, respec-
tively. When ligand is added, monomer exchange is fully
blocked, thereby freezing the distribution so that it can
be quantitated by disulfide formation. For a dimer, the
fraction of monomers that can form intraoligomeric
disulfides is q 2/q = q; thus, a plot of fractional disulfide-
linked monomers versus the fraction of monomers
containing cysteine will give a straight line of unit slope.
For all other oligomeric structures such a plot yields a
nonlinear curve. Disulfide formation was carried out for
different ratios of monomers lacking and containing
cysteine, using the oxygen-Cu(II)(1,1O-phenanthroline)3
reaction described above. The aspartate transducer
yielded a straight line of unit slope, thereby establishing
its dimeric structure (9).
Spatial arrangement of the transmembrane
helices, and other proximity Issues
One of the most important potential applications of
engineered sulfhydryls is to probe the packing of trans-
membrane a-helices. Disulfide formation rates, in con-
junction with appropriate supporting experiments, pro-
vide a powerful tool in the analysis of proximities within
unknown structures, including bundles of membrane-
spanning helices.
Table 2 summarizes the intradimer disulfide forma-
tion rates observed for each engineered cysteine posi-
tion in the native isolated membrane (8). Extensive
evidence indicates that the observed reactions occur
within the dimer rather than during intermolecular
collisions: the rates are concentration independent, and
when populations of different engineered transducers
are combined no mixed disulfides are observed. Signifi-
cantly, the cysteines bordering TMI form disulfides
(3-3',36-36') 8-fold to 26-fold more rapidly than those
bordering TM2 (183-183',215-215'), suggesting that
the TMI-TMl' pair is more proximal than the TM2-
TM2' pair, as presented in Fig. 4 B (10).
This simple interpretation does not consider, how-
ever, the possibility that the more rapid disulfide reac-
tions observed for TMI stem from fortuitous structural
fluctuations rather than proximity. Thus, additional
evidence was obtained by testing the effect of disulfide
formation on the protein activity (8, 10). If disulfide
formation leaves the activity unperturbed, then the
sulfhydryls lie close to the disulfide bonded geometry in
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the native structure. In contrast, a disulfide bond that
traps a backbone fluctuation away from the native
structure will generally yield detectable perturbations of
structure and activity. Of the disulfide-containing prod-
ucts tested, only the 36-36' bond yielded an active
transducer: the 3-3', 183-183', and 215- 215' bonds
each abolished transducer activity. This result provided
strong evidence that the 36 residue and its associated
TMI do in fact lie near the C2 axis at the center of the
dimer, close to the TMl' region of the other monomer.
The observation that the 3-3' bond inactivated the
transducer does not contradict this conclusion, because
cys 3 could lie at a position on TMI outside the distance
and angular requirements for disulfide formation with
its neighbor, for example the wrong face of the helix.
Recent systematic studies of TMI and TM2 packing, in
which engineered sulfhydryls have been placed at sequen-
tial positions along the transmembrane helices
(29,33,34), have provided additional information regard-
ing helix packing (Fig. 4 B; 10).
Proximities between other positions in the ligand
binding domain were examined using the cys 106 and cys
128 transducers, as well as the dicysteine 36, 183
transducer containing two sulfhydryls in the same mono-
mer (8,10). The 128-128' bond was formed at a rate
similar in magnitude to the TMl-TMl' rates, suggesting
that the residue may also lie near the C2 axis. The
106-106' disulfide was formed IS-fold more slowly,
suggesting a location more distant from the ~ axis. In
the case of the dicysteine transducer, the intra-
monomeric 36-183 bond formed in vivo without added
redox catalyst and was reduced by DTT only after
unfolding by heating to 100°C in SDS. This unusually
stable bond appears to maintain at least partial trans-
membrane signaling in vivo, suggesting that TMI and
TM2 are adjacent in the native structure. These features
were also incorporated into the original model (Fig. 4 B;
10).
Surface structure
Engineered sulfhydryls provide a sensitive detector of
surface structure and can be used to map out positions
exposed to aqueous chemical or spectroscopic probes.
Both types of probes were tested in the aspartate
receptor system. The most sensitive indicator of surface
exposure was found to be the rate of engineered
sulfhydryl alkylation by N-ethylmaleimide, which yielded
a ISO-fold difference between the most accessible (cys
106, 128) and least accessible (cys 36) positions, as
summarized in Table 2. The spectroscopic method
monitored the fluorescence quenching of 5-fluorescein-
maleimide derivatized sulfhydryls, using the collisional
quencher r (not shown). Together these approaches
revealed that cys 106 and 128 are the most exposed of
the engineered residues, whereas cys 36 and 183 are the
most buried (10). The results indicated that the goal of
targeting the engineered sulfhydryls to the protein
surface was only partially achieved. Interestingly, the
highly buried position of cys 36 is consistent with its
proposed location near the~ axis of the dimer (Fig. 4 B;
10).
Backbone dynamics
Although the spatial amplitudes of backbone motions
cannot be described in an unknown structure, disulfide
bond formation is still useful as a probe of motional
timescales. It is reasonable to assume that the efficiency
factor for disulfide formation (Eq. 4) decreases as a
probe sulfhydryl is moved from the protein surface to
the protein or bilayer interior, as the charged intermedi-
ates required for disulfide formation are destabilized.
Given this assumption, the upper limit efficiency factor
determined for the aqueous environment can be used to
calculate the minimum collision rate for any disulfide
formation reaction. The minimum intradimer collision
rates for the aspartate receptor are summarized in Table
2: the 36-36' reaction yielded the most rapid collisions,
kc - 1~ collisions molecule-Is-I. This collision rate is
most likely underestimated by orders of magnitude, due
to the buried location of cys 36.
The rates given in Table 2 are for transducer in the
absence of bound aspartate. When ligand is added the
disulfide formation rates change dramatically, some
decreasing (cys 3, 128) and others increasing (cys
36, 106, 183, 215) (8). The widespread nature of these
effects indicate a global change in transducer structure
or dynamics, although no information is provided about
the amplitude of the changes because the disulfide
formation rate can detect both small and large perturba-
tions of the local environment.
Application of the approach to
other proteins
Engineered sulfhydryls can be used to probe a wide
variety of proteins, with the possible exception of those
containing a large population of native cysteines. When
limited numbers of native cysteines are present, it may
be possible to remove them by engineered substitutions,
or block them by selective labeling techniques (35, 36).
Moreover, cysteines in different structural domains will
generally not interfere with one another; this is espe-
cially true for transmembrane proteins in which the
external, membrane-spanning, and internal domains are
isolated by the bilayer and cannot collide. Finally, a
significant number of prokaryotic and eukaryotic pro-
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teins contain no cysteines. In short, the engineered
sulfhydryl approach provides a powerful and generaliz-
able probe of protein structure, function, and dynamics.
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DISCUSSION
Session Chairman: Alan Finkelstein Scribes: John Baenziger and
Murray Becker
ROGER KOEPPE II: Do the disulfide-cross-linked products retain
enzymatic activity, or should they be viewed as "denatured" states that
have been "trapped"?
JOSEPH FALKE: In the aspartate transducer there are "trapped"
disulfide bond species that retain activity. If the "trapped" species are
too far from the native conformation, the protein is inactive. The
available evidence argues that the motions occur in the folded state,
not a denatured state. However, disulfide formation can trap a
nonnative folded state.
KOEPPE: The distance dependence shown in Fig. 3 is very sharp,
especially given the log scale. How do you interpret this in molecular
terms?
FALKE: The large difference in disulfide formation rates between the
26, 260 and the 26, 267 pairs, despite their nearly equal separation,
may result from the fact that residue 267 is two to three times more
buried than the other cysteines in the set. If the data for this pair is
excluded, there may be a simple exponential decrease in bond
formation rate with distance, although many more points are needed
to fully characterize this relationship.
KOEPPE: Have you measured the temperature dependence of the
disulfide bond formation in these mutants?
FALKE: We have determined that the rates are temperature depen-
dent, but we have not yet examined the temperature dependences in
detail. Certainly that is an area worth examining.
KOEPPE: For your first example, the galactose/glucose receptor, the
structure was known and the sulfhydryl cross-linking reaction was used
to obtain dynamical information. For the second example, the aspar-
tate transducer, however, both structure and dynamics were unknown.
In such a case, will not disulfide bond formation be a complicated
function of both structure and dynamics, and will not structure
prediction be problematic?
FALKE: It is important to measure more than the rates of disulfide
bond formation in order to gain information about the proximity of
cysteine pairs. The key check is to measure the effect of disulfide bond
formation on protein activity. If the rate of disulfide bond formation is
fast and the product remains active after disulfide bond formation, a
very strong argument can be made that the cross-linked positions are
in close proximity in the native structure. If the protein is not active,
you may have trapped a species that results from a long range motion.
KOEPPE: If we accept that the mutations do not perturb the native
structure of the galactose/glucose receptor, for which you have
evidence, could not the newly introduced cysteines nevertheless
enhance the local molecular motions in these nonnative structures?
The motions of the mutated helices could therefore be more pro-
nounced than in the wild-type helices.
FALKE: The available evidence indicates the surface cysteine substitu-
tions are generally nonperturbing. We have checked the effect of these
mutations on a number of properties of the reduced receptors. For
each mutant, we determined the dissociation constant for the equilib-
rium binding ofgalactose to the receptor, we looked at the dissociation
of terbium ion from the Ca2+ binding site, and determined the off rate
constant for that process, and examined the free energy of unfolding
extrapolated to zero urea concentration as a measure of the stability of
the protein. In all these tests,the only effect we see is a change in the
dissociation of terbium from the metal binding site in the mutant that
carries the most buried cysteine 267. In this mutant, the dissociation of
metal appears to be a bit slower, although it is less than a 20% effect
relative to the wild-type protein. Overall, the lack of large effects is
likely due to the fact that we limited our substitutions to residues that
are on the surface of the protein.
We have also monitored the effect of substitutions on the fluorine
NMR resonances of the five tryptophan residues in the protein. For
the most part, the substitutions had no detectable effect on the fluorine
chemical shifts and the line widths, which are sensitive to the local
environment and rates of motion, respectively. These results indicate
that the structural and dynamic perturbations of the substitutions are
small or nonexistent. In particular, the 26, 274 mutant in which we
detected the 15 A translation, which is the largest translation of this
type that has been detected, is indistinguishable from the native
protein in terms of these parameters. Moreover, for this mutant we
have compared the Tl relaxation rate of each resonance with the
wild-type rate, and we see no differences in this property, which is
sensitive to dynamics. Regarding the other receptors, we did see an
allosteric effect on the frequencies of the tryptophans near the metal
binding site as a result of the 26, 267 substitution, so there is a minor
allosteric structural perturbation the receptor containing the most
buried cysteines. In addition, in the control substitution, which occurs
on the other side of the molecule in the galactose binding cleft, there is
a small but detectable effect on both the galactose and metal binding
site domains.
In short, for all but two of the engineered receptors, a variety of
sensitive approaches have failed to reveal differences from the
wild-type protein. While this evidence is negative, it is likely that any
significant perturbation of structure or dynamics would have been
detected by at least one of our assays.
ROBERT BLUMENTHAL: If the reaction rates are diffusion limited,
one would expect an inverse square distance dependence not a
logarithmic dependence.
FALKE: This isn't simple diffusion. There are constraints provided by
the structure of the protein. We also need more numbers before we
can analyze the distance dependence of disulfide formation rates in
too much detail.
RAJINI RAO: You have assumed that the efficiency of disulfide bond
formation is the same for all cysteine pairs. The chemical reactivity of
any particular cysteine depends on the local environment so that the
measured rate of disulfide bond formation may not be proportional to
the motion.
FALKE: There will be environmental differences. We measure disul-
fide formation rates and we can tell you those precisely. It is also useful
to try and estimate the time scales of the underlying collisions in order
to understand these motions. We have measured an efficiency factor
for disulfide formation between free cysteines in solution and have
used that efficiency factor to approximate the efficiency factors for
cysteine pairs on the protein surface. Although this may provide only a
ballpark figure, for residues on the surface of the proteins the
reactivities should be similar.
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RAO: Could you compare the rates of disulfide bond formation of any
pair with the individual rates of modification of a particular cysteine
with a sulfhydryl modification reagent?
FALKE: We examined the reactivities of each of the cysteine pairs
with iodoacetamide and they were the same within a factor of two,
indicating that the net chemical reactivities of the cysteines are quite
similar, most likely because they are on the surface of the protein. Ifwe
do the experiment with cysteines that are fully buried in the molecule,
we find quite a large decrease in the iodoacetamide reaction rates. It is
a bit surprising that the cysteine 267 labels at a rate similar to the
others, even though it is partially buried. Perhaps the iodoacetamide
assay does not detect all environmental and steric differences.
BOB WEIS: How much do the cross-linking rates go up in the absence
of glucose?
FALKE: The rates for cysteines in the two adjacent helices go up by a
factor as large as 1DO-fold. We see no disulfide formation for the
control pair of cysteines on opposite sides of the molecule in the
presence of bound sugar. In the absence of ligand we see rates that are
comparable to the rates on the adjacent helices that may be part of
some type ofglobal unfolding transition. Alternatively, this bond could
result from a large twisting motion that enables these two cysteines on
different domains to collide.
ROBERT GUY: I was quite impressed with your work and the
potential for using sulfhydryl engineering to analyze protein structure
and dynamics. Could you briefly describe how feasible this approach is
for other membrane proteins. What experimental conditions are
required? Can disulfide bridges be formed in transmembrane and
cytoplasmic segments? How difficult is it to determine whether a
disulfide bridge forms; especially if formation of the bridge does not
alter the functional properties of the protein? Can this approach be
used to probe conformational changes such as a movement of the S4
helix in voltage-gated channels or plugging the pore with the inactiva-
tion gate?
FALKE: We think that the technology can be applied to other systems.
You have to consider each system on an individual basis. One question
is how many cysteines the wild-type molecule possesses. In some cases,
even proteins containing multiple cysteines can be studied. Ron
Kaback's group has engineered cysteines out of a transmembrane
protein. That is an approach that can be used if there are not too many
cysteines. Another simplification is that cysteines separated by a
bilayer generally will not interact. Regarding the chemistry, the
disulfide formation reaction uses mild conditions and has been
described in our published work.
ALAN FINKELSTEIN: How much material does one need?
FALKE: We detect disulfide bond formation by running the products
on a gel. You need enough to detect by Coomassie or silver staining, or
whatever antibody staining you are using.
MARK BRAIMAN: Using the efficiency of disulfide formation in
air-saturated aqueous solution as an upper limit seems potentially
problematic when one considers that your oxidant (oxygen) is much
more soluble in hydrophobic solvents than in water. The redox catalyst
seems very hydrophobic as well. This would suggest that you might be
overestimating collision rates between cysteines located within a
transmembrane domain or near one or more hydrophobic residues
that could serve as binding sites for oxygen or your redox catalyst. Have
you measured the efficiency for disulfide formation in nonaqueous
solvents? Could you normalize your data by measuring the formation
of the immediate precursor of the disulfide bond (namely the sulfur
radical) by a spectroscopic technique such as ESR?
FALKE: The reason that we may get an efficiency decrease is related
to the destabilization of the charges involved in the intermediates and
the transition state, which are likely to include Cu'+, superoxide anion,
and sulfanion. These charges would be present at lower concentrations
in a low dielectric environment. We have not used EPR to detect sulfur
radical intermediates: that would be a good experiment if it can be
done. I can tell you that empirically the disulfide formation rates
observed inside the bilayer are slower than those at the protein
surface.
BRAIMAN: How do you distinguish between those intrinsic effi-
ciencies and changes in mobilities?
FALKE: One way is to compare the disulfide formation rates between
the same two transmembrane helices, starting with the cysteines in the
aqueous phase, and moving them down the helices into the lipid phase.
Preliminary findings from that type of experiment suggest that the
reaction efficiency is lower in the lipid environment. A second
approach, as you suggested, would be to compare the efficiencies of
model reactions in aqueous and organic solvents. We have not tried
that but it is a good idea.
WEIS: In the determination of the aspartate receptor oligomer size,
Eq. 5 (the binomial distribution) assumes that cross-linking can take
place between all subunits in the oligomer with equal probability. Is
this always a valid assumption, especially for tetramers? For example
in a tetramer, the formation of one disulfide bond might affect the rate
of the second, or if the arrangement of monomers within the tetramer
were a diener of dimers, disulfide bond formation could proceed
preferentially among certain pairs of the tetramer and thus appear as a
dimeric structure.
FALKE: In that type of experiment, first carried out by Milligan and
Koshland, we are not actually measuring rates. We are trying to drive
disulfide bond formation to completion within the oligomers. The
simple equations in the manuscript will not hold if the formation of the
first disulfide bond prevents formation of a second. In that case, the
results would deviate from the simple theory and you would have to
develop a more complex model to fit the data. For the aspartate
transducer, the simple dimer model fits the data quite well.
JUAN BALLESTEROS: With regard to Table 2, when you measure
the relative accessibility to PHM, what is the reason why intracellular
cysteines show such a difference between the leaky and the intact
system?
FALKE: PHM is designed to be a membrane impermeant sulfhydryl
modification reagent that can be used to determine which cysteines are
in the cytoplasmic and periplasmic compartments. The PHM is added
to the external compartment. A periplasmic sulfhydryl should react at
similar rates in the two systems, while a cytoplasmic sulfhydryl should
react much more rapidly in the leaky system.
BALLESTEROS: Those experiments were done with the unbound
receptor. You mentioned that when aspartate was added, the disulfide
formation rates changed dramatically. Cysteine 3 and 128 decrease
while the other ones increase. Can you relate those differences with
the crystal structure?
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FALKE: There is only one change in rate that I have a strong opinion
about and that is the 128 pair. When the disulfide formation rate was
measured for this pair in the absence of aspartate, it was reasonably
high. These cysteines are very far apart in the dimer. When the ligand
is removed from the protein, the two monomers can transiently
separate, because we observe exchange of monomers between dif-
ferent dimers. During such a transient dissociation, it is likely that the
monomers can rotate about the bilayer normally. We think that they
can rotate independently in such a way that these sulfhydryls can
collide and form a disulfide bond.
When aspartate binds to the molecule, the monomers in different
dimers no longer exchange, implying that aspartate binding prevents
the dimer from separating. The aspartate binding site is at the
interface of the two monomers and involves residues from each
monomer. That would explain the reason why the disulfide bond
formation rate goes down with aspartate. This example also illustrates
the importance of measuring the effect of disulfide bond formation on
protein activity before interpreting bond formation rates in terms of
distance.
RONALD KABACK: Why is Cysteine 36 accessible on the surface,
but reacts slowly with NEM?
FALKE: What we are measuring in the transmembrane accessibility
experiment is the relative rate in the leaky and intact system. When we
just measure reaction rates, with PHM or NEM, that residue reacts
quite slowly compared with the others, which is consistent with its
location in the center of the protein.
BALLESTEROS: I was interested in the residue number 3 with
regard to the difference in the rate of disulfide formation in the bound
and unbound states. When you have the ligand complexed, the rate of
formation of residue 3 increases. When you have the unbound ligand,
disulfide formation in residue 3 implies inactivation of the receptor.
How do you reconcile these results.
FALKE: The new structure by Kim and Koshland does not extend
through the membrane to the cytoplasmic domain where residue 3 is
located. Modeling suggests that the transmembrane helices form a 4
helix bundle. In the case of cysteine 3, we found that the disulfide
formation rate was fairly rapid and yet inactivates the protein. One
way to rationalize that result is to argue that the helix is near the
central axis of the molecule. The 3 residue is oriented away from the
central axis and when you form the disulfide bond you distort the
structure. Basically, it is on the wrong face of the helix.
BALLESTEROS: Wouldn't that imply that there is a rotation about
the long axis of the helix that will change the azimuthal orientation of
the cysteine?
FALKE: One picture consistent with the result is that there is a
rotation of the NH,-terminal helix about its long axis when the
aspartate binds. This could explain the rate, but there are many other
possibilities.
OLAF ANDERSON: This is a really neat technique, but I am
concerned about the analysis of the oligomer state. To follow up on
Bob Weis, in the case of a tetramer, for example, it might be difficult to
distinguish a tetramer from a dimer. If the tetramer is formed by
lateral association of two dimers, the possibility exists that cysteine 36
can cross-link only with its partner in the original dimer (half-
tetramer) and not with either of the residues in the other half-
tetramer. If this were the case, the cross-linking pattern for the
tetramer would be indistinguishable from that of a dimer.
FALKE: We cannot rule out the very specific case that you mention,
namely a dimer of dimers with C2 rather than C4 symmetry. However,
I should point out that such a model requires the oligimers to be rigid
in contrast to the observed dynamics. Experimentally, one could test
your proposal by moving the cysteine to different regions of the
monomer surface.
ANDERSON: That you can cross-link at cysteine 128 underlies the
need to have a structure. Could it, for example, result from cross-
linking of two adjacent dimers?
FALKE: We have observed that the cysteine 128 disulfide formation
rate does not dramatically change when the protein is solubilized from
the membrane. In the solubilized state, we know the protein is a dimer.
I would not rule it out, but it seems unlikely that an intermolecular
collision would occur at similar rates in the two systems; thus, we
propose that disulfide formation occurs within the dimers. Again, this
is reasonable because we know the dimer transiently dissociates to
yield exchangable monomers, which could rotate to give the observed
collision.
HAREL WEINSTEIN: It was my understanding that the Ca2+ binding
loop in the galactose-binding protein is very similar in sequence and
structure to the classical EF-hands (e.g., calmodulin), but the flanking
regions are not like those in an EF-hand. Is this still true?
FALKE: Yes, it is true that there are differences. The COOH-teminal
loop has a different structure and the loop bridges a helix and a B
strand instead of the two helices that usually flank an EF-hand.
However, the number and spatial positions of the coordinating
residues are the same as in classical EF-hands. We believe this is the
key point for ion binding.
WEINSTEIN: In the dynamics that you measured, you observed a
change in the motion of the hinge region upon ligand binding, but no
alteration in the Ca2+ binding region. Do you have any speculation of
the role of the Ca2+ binding region?
FALKE: Our published 19F NMR results show very little allosteric
coupling between the sugar and Ca'+ sites. It is known that metal
binding stabilizes the protein, which could be important because the
protein exists in an environment rich in bacterial proteases. The site
could also function in the docking of the protein to its target transport
protein.
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